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ABSTRACT 



There is disclosed an ultrasonic piezoelectric transducer 
consisting of two separate transducer elements bonded 
together. The individual elements may be similar or 
different in size, thidcness, and/or material The mate- 
rial which bonds the two elemoits together may serve 
as one electrode, and two other electrodes coat the 
outer surfaces of the two individual elements. By 
switching the electrodes which are connected to the 
transmit and receive circuits of an ultrasonic medical 
scanning apparatus, the single transducer may be used 
for imaging with high resolution at one frequency, and 
for pulse Dopplcr velocity measurements at a different 
frequency. Tlie two elements may be driven individu- 
ally or in combination, in order to achieve different 
operating frequencies and focusings. 

5 Claims, 9 Drawing Figures 
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dimensions. B-scan type information is developed for 
FOCUSING PIEZOELECTRIC ULTRASOMC numerous positions of the probe and directions of the 
MEDICAL DIAGNOSTIC SYSTEM ultrasonic beam. The term "B scan" has come to be 

associated primarily with this embodiment. By process- 

This invention relates to ultrasonic transducers, and 5 ing all of the data (echo time and amplitude informa- 
more particularly (but not exclusively) to ultrasonic tion), a two-dimensional display may be formed which 
transducers for use in medical diagnostic equipments, provides an image of a cross-sectional slice through the 

Ultrasounds, or ultra high-frequency sound waves, body, 
are being used more and more routinely to examine the In some two-dimensional scanning systems of this 
interior of a body painlessly, and with a minimum of risk ID type, the probe is held in direct contact with the skin, 
and expoise. The conventional pulse echo technique, but skilled operators are usually required for such pro- 
based on the similar technique used in sonar systems, cedures. In order to automate the procedure, two-di- 
involves emitting a short pulse of ultrasonic energy, mensional scanners have been developed in which the 
typically in the 1-30 MHz frequency range, into a pa- transducer moves on an arm in a bath of water. The 
tient Any acoustic impedance discontinuity reflects 15 ultrasound is coupled into the patient either by immers- 
some of the energy in the form of an echo. The time ing the patient in the water, or by placing the patient on 
taken for the echo to be returned following transmission a flexible membrane that forms one of the walls of the 
of the pulse is a measure of the distance of the disconti- bath. EspeciaUy in systems of this type, it is not feasible 
nuity from the pulse source. In human body tissues, the to replace one transducer at the end of the arm by an- 
velocity of sound is more or less constant, ranging from 20 other. Yet for reasons which will become apparent 
1450 meters per second in fat to 1600 meters per second below, it is often necessary to change an operating fre- 
in muscle. Although the diflfei-encc between the imped- quency, depth of focus, etc., and in the prior art this has 
ances of different tissues is small, and the echoes re- required a change of transducer, 
fleeted by the boundaries between them are therefore Doppler scanning systems also rely on echoes, but 
faint, they arc large enough to be detected by sensitive 25 involve a different operating principle. If an ultrasound 
receivers. Ultrasonic "echography" has proved to be of wave is reflected from a target that has a component of 
particular value as a diagnostic aid in the abdomen and motion along the direction of the transmitted beam, the 
pregnant uterus, eye, breast, brain, lung, kidney, liver reflected wave has its frequency shifted by the Doppler 
and heart These and other areas of soft tissue include effect. Movement of the target toward the probe causes 
little bone and air, and are therefore suitable for ultra- 30 an increase in frequency, and movement of the target 
sound examination. away from the probe causes a decrease in frequency. 

The present invention is not limited to medical diag- The frequency shift is proportional both to the fre- 
nostic equipments, and it certainly is not lunited to the quency of the transmitted beam and to the velocity of 
particular nnaging systems which are to be found in the the target I>oppler measurements are commonly used 
medical field. Nevertheless, in order to appreciate the 35 to demonstrate velocity variations in blood, walls or 
problem toward which the invention is directed, it will vessels of the vascular system, as well as gastric and 
be helpful to consider the different types of ultrasonic other moving liquid systems in a patient, 
systems which are used in present-day medical diagnos- Doppler-shift measurements sometimes entail the use 
tic equipments. of separate transducers, mounted side by side, for trans- 

As described above, pulse-echo information can be 40 mitting a continuous wave and for receiving its reflec- 
used to determine the distance of a discontinuity from tions. Unlike A-scan and B-scan systems, which employ 
the sounc source. In a conventional A-scan display, a pulses of ultrasound, Doppler systems that rely on a 
horizontal sweep across a cathode ray tube is triggered continuous wave of ultrasound cannot provide distance 
by the transmission of an ultrasound pulse. Each echo information. (Doppler systems are typically used for 
results in a vertical deflection whose amplitude is pro- 45 measuring blood flow, and range information is not 
portional to the strength of the echo. Thus the relative always critical). But there are Doppler systems in 
positions of the pulses along the X axis of the A-scan which range also plays a part. The transmitter can be 
display represent the relative positions of organ inter- gated on so that instead of emitting a long (timewise) 
faces in the body, and the relative amplitudes of the continuous wave, only a pulse burst is emitted. By turn- 
pulses represent the types of discontinuities which origj- 50 ing the receiver on only at a particular time after the 
nated the echoes. "A Mode" displays are particularly pulse is emitted, the frequency shifts caused only by an 
useful to measure the size of a baby's head inside the object at a fixed location from the source can be ascer- 
uterus, the depth of the eye and the bladder, and to tained. 

locate the inid-line of the brain. A B-scan display is More complete descriptions of the use of ultrasound 
similar except that instead of controlling vertical deflec- 55 in medicine are to be found in **Uitrasound in Medical 
tions, it is the intensity of the electron beam which is Diagnosis", Scientific American, May 1978, pages 
modulated by the strengths of the returning echoes. As 98- 1 12, and "The Application of Ultrasound in Medical 
is known in the art, such a system may utilize moving Diagnosis", Proceeding of the Institution of Radio and 
recording paper; as the bright dots on the display move Electronics Engineers Australia, November 1978, pages 
back and forth within small ranges, the resulting traces 60 333-392. 

represent the movements of different organ boundaries The width of the beam in the area of focus determines 
as a function of time (measured along the length of the the lateral resolution of any system, so that sharp focus- 
paper)— an M-type display. Such a display is particu- ing is often desireable. On the other hand, less-focused 
larly useful to demonstrate the pulsatile movements of beams may be desired especially where the region of 
various parts of the heart and the brain, 65 interest is deep in the examined object and deep penetra- 

More recently, two-dimensional scanners have been tion is required. (A less-focused beam provides a longer 
developed. In such scanners, an ultrasonic probe is "focal zone", that is, a longer region in the body in 
moimted on a mechanical arm that is moved in two which the beam is concentrated, although not as highly 
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concentrated at its narrowest point, in the "focal advantageously accomplished at frequencies of 3 MHz 

plane".) The width of an ultrasonic beam may be nar- or higher. 

rowed by focusing it utilizing lenses or mirrors, employ- All things considered, it is apparent that the same 
ing a curved transducer surface, or using a multi-ele- transducer is not the best possible for all purposes, and 
mcni transducer whose individual elements are ener- 5 it is for this reason that difTerent transducers are used 
gized at progressively different times to generate the depending upon the particular type of examination to be 
desired beam shape. When performing B-scan measure- conducted. Very often two procedures must be imple- 
ments, highly focused transducers are usually used in mented one after the other. For example, suppose Dop- 
order to provide maximum lateral resolution. This gen- pier information is desired from a small object, e.g., a 
crally entails the use of large-diameter transducers. 10 fetal heart A B-scan may first be taken to determine the 
Doppler measurements, on the other hand, often re- position ofthe object, followed by a Doppler scan (with 
quire a lower degree of focusing. Here, what is desired the B-scan positional information being used to gate on 
is the coupling of energy into a region whose depth the Doppler receiver just at the time when echoes from 
need not be determined precisely, as long as sufficient the object ofthe interest are received). Especially when 
energy impmges upon the moving object SmaUer- the transducer is contained at the end of an arm im- 
diameter transducers may or should be used since a less mersed in a liquid bath, it would be highly advanta- 
focused beam is actually desired. This is to be con- geous to be able to operate a single transducer element 
trasted with sharply focused beams obtainable from attwodiffercntfrequencies which can be switched. If it 
large-diameter transducers, where maximum lateral is necessary to physically switch transducer elements, 
r^lution is required, but in which the beam diverges ^ by the time this is accomplished a fetus may have 
widely both in front of and in back of the focal plane. moved, in which case the previously determined posi- 

The distance of the focal plane from the source is tional information ts useless, 

dependent upon the diameter of the transducer, its ra- It is a general object of my invention to provide a 

dius of curvature, and the ultrasound frequency. The system which utilizes a single ultrasound transducer for 

transducer thickness also controls the frequency of the goierating and detecting ultrasound at at least two dif- 

ultrasound and thus the penetration, since the rate at ferent frequencies. 

which ultrasound energy is attenuated is directly pro- It is another object of my invention to provide a 

portional to the frequency. Since higher resolution calls system in which a single transducer controls imaging 

for higher-frequency radiation, it is apparent that the with high resolution at one frequency, and then pulse 

higher the resolution, the lower the penetration. Doppler measurements at another frequency. 

Ultrasound transducers normally operate by resonat- It is a further object of my invention to provide a 

ing in the thickness mode, i.e., the frequency of the system in which a single transducer may be used to 

transducer is determined solely by its thickness. The provide different degrees of focusing in order to obtain 

transducer diameter and its radius of curvature do not 35 difTerent resolution/penetration tradeoffs for normal 

affect frequency; they (along with the frequency) have pulse echo "B scan" imaging. 

an effect only on the beam profile, that is, the intensity Briefly, in accordance with the principles of my in- 
distribution in space parallel to the transducer face at vention, two transducer elements, of the same or differ- 
different distances from the transducer face. With these ent sizes, thicknesses and/or materials, are bonded to- 
interrelationships in mind, it will be helpful to consider ^ gether. The transducer is provided with three elec- 
the relative transducer thicknesses and diameters which trodes, one coating (and bonding to each other) the two 
are optimum for pulse echo and Doppler measurements. facing surfaces, and the other two coating the outer 
Doppler operation, pulsed or continuous, advanta- surfaces of the two elements. By using the front elec- 
geously employs a relatively large beam profile to en- trode, together with one of the other two, different 
sure that a blood vessel or other measurement site is 45 operating frequencies may be employed and difTerent 
completely "enclosed". Thus a relatively small diame- degrees of focusing may be obtained, 
ler transducer is preferable since it provides a large At the outset, this arrangement should be distin- 
beam profile along the length of the beam. Because in guished from those of the prior art in which two or 
Doppler operations flow in deep-lying vessels is usually more transducer dements were bonded together and 
to be measured, a low frequency is preferable. Consider, 50 provided with a central electrode. Such prior art trans- 
fer example, a beam which must travel from the trans- ducer electrodes were used for the purpose of obtaining 
ducer face through 20 cm of water and then through either electrical isolation of the central electrode and- 
another 20 cm of a human body to a deep-lying vessel. /or, more cotimionly, high intensities. Such prior art 
In burst mode, the maximum pulse rate is approximately transducers were not used for varying frequency or 
2 kHz as the return time for echoes is about 520 micro- 35 degree of focusing. 

seconds. With a 2-KHz pulse burst repetition frequency Further objects, features and advantages of my inven- 

and for flows of 50 cm/sec or higher, the carrier fre- tion will become apparent upon consideration of the 

quency (the frequency at which the transducer oscil- following detailed description in conjunction with the 

lates) should be under 2 MHz, as is known in the art. drawing in which; 

For pulse echo measurements, on the other hand, for 60 FIGS. lA and IB depict front and side views of the 

which a sharper focus or narrower beam profile is de- front transducer element utilized in the first illustrative 

sired, the transducer should have a larger diameter to embodiment of the invention; 

obtain high resolution images. But in addition to a larger FIGS. 2A and 2B depict front and side views of the 

diameter, the frequency should be higher than that used rear transducer element used in the first illustrative 

in Doppler measurements because the higher the fre- 65 embodiment of the invention; 

quency, the higher both the axial and lateral resolution. FIG. 3A depicts a front view ofthe transducer of the 

Thus pulse echo measurements, instead of calling for an first illustrative embodiment of the invention, with the 

operating frequency of under 2 MHz, may be most front and rear elements bonded to each other; 
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FIG. 3B is an enlarged cross^tional view along the When an energiang signal (lypically a single pulse) is 
line 3B-3B of FIG 3A- 8PP'«e«l »>etween the front electrode and the center elec- 

FIG 4 is a side view illustrating the mounting of the trode. in effect it is only the front transducer element 10 
tr«ntducLrof FIGS 3A and 3B- which need be considered, and its resonant frequency is 

FIOS is a schematic which illustrates use of the 5 3 MHz as d^ribed above. But when an enerpong 
transducer of FIGS. 3 and 4 in a fust illustrative ultra- signal (typically a burst of W "V ' ' ' 

««inrf «Lm- and apP''«l »c™ss the front electrode 12 and the back elec- 

FIG i schematic which Ulustrates use of the trode 20 of the composite unit, the resonant frequency is 
tr^ucer of the second illustrative embodiment of the 1 .5 MHz since the effective o«isducer thKb.«s « dou- 
S^in a second Ulustrative ultrasound system. 10 bled. In such a case, the 2MB beam width at fociB b 
Transducer elements 10 and 20 of RGS. 1 and 2 arc approximately 1.6 cm. CThe tower frequency resulte m a 
manXturedinaconventionalmannerbygrindingthe longer focal range and less f<«»f'"8- ^ ^"^^.'^^^j' 
correct curvatures (which should mate with each frequency, diameter and curvature of a transducer « 
S diameters, and thicknesses from a suitable mate- known, then its b«m width can be (^culated. as is 
Z iuch as lead arconate titanate. In the first illustra- 15 known in the art.) Thus conventional B-s«ms may be 
tive embodiment of the invention. Uie n«lias of curva- performed best by applying the energu^g signal across 
m« o7^h transducer element is 325 mm. and the the front and center electrodes, while conventional 
thickness of each element (depicted by the numerals lOo Doppler measurements may be performed best by aj^ 
and 20a) is 0.67 mm. The front transducer element has a plying the energizing sigmil across the front and back 
diameter of 70 mm. and the rear transducer element has 20 electrodes. , u _ 

a dtamfter of 40 mm. (In general; the radius of curva- TTie transdmser element of RO. 3 may be mo«jntrf m 
ture of the back of the front element should be within a conventional manner, as is shown m FIO. «• Housmg 
0 01 mm of the radius of curvature of the front of the 30 is typically cast epoxy. as is known m the art. and the 
hackdemenn element is attached to the housing by the backmg mate- 

Referring to FIG. 1. the front surface of transducer 25 rial 32 which is also typicallycast epoxy (flthou^ the 
element 10 u. coated with a sUver compound 12. and the transducers could be clamped and air-backed). As 
b^k surface is coated with a silver compound 14. As is shown by the numeral 32ft the backing mataial is cut at 
E^ wnt^e aS^S silver coating ele^es may be an angle deigned to r«luce the detection of any reflec- 
formed by silk-screening a coUoidal sUver solution or tions which ongmate from a sound wave emitted from 
ev™1y bi^hing or s?raying it on. The electrodes 30 the back of the transducer <^'^-lf°-<^^J^^^^ 
which L thus f^ed are very thin. e.g.. 0.001 inch. may then be t^ed to connect wires 36. » mid W to the 
Any of the conventional electrode compositions, such silver electrodes, by usmg cidier silver bcanng solder, 
as Uiose avaflable from Dupont. may be used. Typically, normal tin/lead solder, a conductive composition glue, 
the transducer element is placed in an oven and held at or metal-to-met^ contact. 

a temperature between 500' C. and 600' C. in order to 35 The system of HG. 5 (a water bath ulttasomid sj^ 
LvTSie silver electrodes adhere to the lead zirconate tem, the bath not being shoMm)uUl«es the tonsdu^^^^ 
titanate. The transducer element of FIG. 1. by itself, is FIGS. 3 and 4 to accomp^h B-scan and D^VPler mw- 
crventional. and has a resonant operating frequency of surements The front ^d center el^trodes n«.y be 
3 MHz. Wh;n used by itself, the dement of FIG. 1 comiected by a switch 58 to a conventjond pulse echo 
allows imaging to full depth in the human body, and 40 transmit circuit 52 and a convenbonal pulse echo re- 
S«TfoJB beam width at focus of approxirwtely ceive circuit 54. These two sub-systems are contained m 
sTmnTfThe term 20<1B beam width is the diameter of an overall 3-MHz pulse echo traiKmit/recave system 
tefalj^t chicle or contour where the intensity is -20 50. with the output 56 of the circuit b«ng «^ 

dB relative to the maximum intensity anywhere in the tended to a conventional unaging device. Smwlarly 
^^aUmtr 45 switeh 68 may be used to connect the front and back 

Front electrode 22 and back electrode 24 of the rear electrodes to the Doppler transmit circuit « and the 
transducer of FIG. 2 are formed in a comparable man- Doppler receive circuit 66 of a <»nveptional l.S-MHz 
ner The main difference between the two transducer Doppler transmit/receive system 60, with the output 66 
elements is their respective diameters. After the two of the receive circuit bemg extended to a conventional 
individual elements are formed, additional sUver elec- JO recorder. Not shown are the convention^ tuning com- 
trode material (approximately the same thickness as the ponents which may be connected across the transducer, 
earlier formed electrodes) may be placed on the front of these components typically being resistore and indue 
the smaller element and the back of the lai^er, the addi- tors selected to optimize the transducer characteristics 
tional silver being used to bond the two elements to- as is known m the art. The transducer shoiJd be h«v,ly 
gether. Tlie elero«its are aligned as shown in FIG. 3A 55 damped and have a broad bandwwlih. The Doppler 
and then placed in an oven to bond them together. transmit circuit alpphes a 1.5-MHz signal to the trans- 
Although they could be joined by glass or a suitable ducer which is resonant at this frequency. In the case of 
elue. the use of such materials would probably require imaging, system 50 applies a single pulse to the tram- 
nrst mixing them with a conductive metallic powder ducer which then resonates at 3 MHz. It should also be 
such as silver. It is more efficient to bond the two ele- 60 apparent that electronic switches may be used to dlow 
ments to each other by use of electrode material. (No switching back and forth between the imaging mode of 
matter how the elements are bonded, and there may be operation and the Doppler mode of operation, 
many other ways w accomplish this, there must be an Because the overall transducer thickness is 1.34 imn 
electrical connection, which may be capacitively cou- in the Doppler mode (the operative electrodes are the 
pled, and the bond should be ultrasonically transpar: 65 front and back electrodes ofthecompoate element), the 
ent.) The composite transducer (see FIG. 3B) includes a operating frequency in the Doppler mode is 1-5 MHz. as 
front electrode 12, a center electrode 14,22 and a back compared with the operating frequency of 3 MHz when 
electrode 20. the transducer element is used in the pulse echo mode, 
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in which case the operative electrodes are the front and 
center. Preferably, as in this illustrative embodiment of 
the invention, the two transducer elements, have the 
same thickness. When operated in the Doppler mode, 
there is minimum distortion because the center elec- 
, trode is at a resonant node. 

In effect, two separate ultrasound systems utilize the 
same transducer, the difference being which of the cen- 
ter and back electrodes is used together with the front 
electrode. The advantage, of course, is that the single 
transducer can be optimiied for two different modes of 
operation without requiring any change being made to 
the transducer itself as a change b .made in the mode of 
operation. 



8 



10 



resulting beam penetration will be poorer. The trans- 
ducers of my invention still offset penetration against 
degree of focusing, as do the prior art transducers. But 
the advantage of the transducers of my invention is that 
without effecting any changes to them, a choice may be 
made between higher resolution and less pienetradon, or 
lower resolution and greater penetration. 

AJthough not shown in FIG. 6, operation at a fre- 
quency of 4 MHz would also be possible by energizing 
just the back element 88. (Operating frequency varies 
inversely with effective thickness.) Of course, such a 
3-frequency system oould also be operated in the Dop- 
pler mode at one or more of the frequencies. 
Although the invention has been described with rcf- 



InAettan«lucerutUizedmthes>^^ 15 erence to particular embodiments, it is to be miderstood 

a water bath uteisound system) both transducer ele- that these embodiments are merely illustrative of the 

ments 80 and 82 have the same 70-mni diameter. More application of the principles of my invention. Numerous 

important, whde the front element 80 has a thickn^ of ^modifications may be niadc therein and other arrange- 

0.67mm.thebackdemen^ mcnts may be devised without departing from the si^t 
(not drawn to scale). The transducer is used only for 20 scope of the invention ^ ^ ^ 

What I claim is: 



pulse echo measurements, but the resonant frequency of 
the transducer can be selected to be either 3.0 MHz 
(front element alone) or 1.7 MHz (combined elements). 
The front electrode is connected by a wire 84 to the 
ground of both transmit circuit M and receive circuit 25 
96, both of which are contained in a conventional pulse 
echo transmit/receive system 92, with the output of the 
receive circuit being extended over line 98 to a conven- 
tional imaging device. Switch 90 is now used to connect 
either the center electrode over wire 86 to the transmit 30 
and receive circuits, or the back electrode over wire 88 
to the transmit and receive circuits. (In the case of the 
transducer of FIG. 6, the wire 86 connection to the 
center electrode may be accomplished by cutting a 



1. An ultrasonic medical diagnostic system compris- 
ing a first transducer element; a second transducer ele- 
ment; electrodes coating the front and back surfaces of 
both of said transducer elements, with the back elec- 
trode of said first transducer element and the front elec- 
trode of said second transducer element being bonded 
together; means for controlling ptilse echo operation at 
one frequency, with relatively low penetration and high 
resolution, by applying an energizing signal across , the 
front and back electrodes of one of said transducer 
elements; and means for controlling Doppler operation 
at another lower frequency, with relatively high pene- 



smaU hole in the rear transducer 82,*or by cutting a 35 resolution, by applying an energizing 



notch in its edge. Alternatively, the center electrode 
could wrap around the edge of the rear transducer to a 
small isolated area on its back to allow a connection to 
be made.) No matter what the position of the selector 



signal across the front electrode of said first transducer 
element and the back electrode of said second trans- 
ducer element. 
2. An ultrasonic medical diagnostic system in accor- 
switch 90. the transmit circuit 94 delivers a single pulse 40 d^ce with claim 1 wherein both of said transducer 
of energy to the transducer. The transducer then self- elements are curved and have mating radii of curvature, 
resonates at either 1.7 MHz or 3 MHz. Receive circuit 3. An ultrasonic medical diagnostic system in accor- 
96 is capable of broad band operation in that it must dance with claim 1 wherein said first transducer ele* 
detect returning echoes at either frequency. The 1.7- tnent has a diameter larger than of said second trans- 
MHz operation allows greater penetration, but the 45 ducer element. 

larger beam width provides less resolution. The 3-MHz 4. An ultrasonic medical diagnostic system m accor- 
operation permits less penetration; but the smaller beam dance with claim 1 wherein said first and second trans- 
width provides greater resolution in both the lateral and ducer elements have the same thickness, 
axial directions. For a given transducer diameter and 5. An ultrasonic medical diagnostic system in accor- 
radius of curvature, the transducer will always be more 50 dance with claim 1 wherein said first and second trans- 
highly focused at a higher frequency than at a lower ducer elements have different thicknesses, 
frequency, but while its resolution will be better the • * • • * 
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